The user experience in immersive virtual environment can be broadly defined by the feeling of presence and immersion in a virtual environment. The propensity of feeling "there" and "enveloped by" in the virtual environment seems to be essential in offering a high quality of experience. However, this user experience definition is partial and neglects other components of the user experience in immersive virtual environments. We consider the overall user experience in immersive virtual environments. In this study, we use our unified questionnaire to measure, analyze and compare the user experience of two immersive virtual devices (i.e., a Cave Automatic Virtual Environment and a Mobile Head Mounted Display). 21 participants took place in this study and assessed the user experience of these devices through the "King Tut VR2" edutainment virtual application. The results show that the CAVE induced a greater user experience than the HMD with significant difference in presence, engagement, flow, skill, judgement and experience consequence. The results also show no significant difference in immersion, usability, emotion and technology adoption between the CAVE and the HMD.
INTRODUCTION
Edutainment applications are more and more part of our everyday environment. And to make these applications more attractive and effective, they are being combined with immersive virtual reality technologies. Indeed, the market for VR headset becomes larger and more competitive with new headsets mostly for video games such as HTC vive by HTC, Oculus Rift by Oculus VR, PlayStation VR by Sony, Samsung Gear VR by Samsung, and soon other headsets with greater capabilities. These devices imply emotions and affects, skill, knowledge and other cognitive aspects that influence the User eXperience (UX). The empirical study presented in this paper wish to bring elements of responses to the implication of these aspects in the UX. The Virtual Reality (VR) technology and the UX design of the VR environment, if appropriate, can intensify the user experience. Several studies show that UX can be measured by either subjective methods or objective methods [11, 16] . Yet objective measures tend to be more reliable and subjective measures must be well defined to avoid bias [1] . However, they may both bring different understanding of UX. Questionnaire is currently the most commonly used method for the measure of UX components (e.g. presence, engagement, immersion, flow, emotion, judgment…) as it is an effective way to get the end-users' perceptions and helpful feedback. Furthermore, a large number of questionnaires have been proven valid and reliable. Today, many interactive technology companies are more and more interested in experience based design and experience centered approach to provide greater experience to their users [20] . Unfortunately, despite the numerous research papers and the growing interest from companies, UX methods are mostly not used at all or not properly applied by practitioners in their current design practice [2] . UX questionnaires can be a simple and effective tool helping the practitioner in the design process of the interactive system. For instance, UX questionnaires can be used in the earlier phases of the design: the questionnaires might be used as soon as a prototype is designed to assess the UX and therefore favor a better UX in the final interactive system. In the VR fields, once the product is finalized, practitioners can use UX questionnaires to be guided in the choice of the appropriate VR technologies and interaction techniques that improve the UX and provide a greater and suitable experience for users.
The aim of the study is to compare the effect of two virtual devices on user experience in an edutainment virtual environment. In the remainder of this paper, we point out the value of the present paper and replace it in the context of our UX in IVE research in section 2. We then introduce the aim and hypotheses of our study, explain our methodological choices detailing participants, the procedure, material and measures, tasks and we describe our collected data and analysis made in section 3. We present the results showing that the CAVE induced a greater user experience than the HMD Mobile in terms of presence, engagement, flow, skill, judgement and experience consequence in section 4 and we discuss these results for each hypothesis in section 5. Finally, we conclude with suggestions on how to improve the user experience and on perspectives and future research in section 6.
AN EMPIRICAL EXEMPLE OF THE USE OF A UX QUESTIONNAIRE
This paper takes root in a research context on user experience modelling for IVE. This research pursues two objectives: first, we wish to assist the design and assessment of virtual immersive environment by offering to practitioners a proper measurement tool that takes the form of a UX questionnaire [19] , second, we wish to submit an empirical example to allow a proper application of this measurement tool by practitioners. We have met the first objective in a previous study [19] in which we designed and validated the UX questionnaire for IVE. The questionnaire is composed of a set of items that gathers the user's opinion, beliefs and preferences on the VE that he/she experienced in terms of presence, engagement, immersion, flow, usability, skill, emotion, experience consequence, judgement and technology adoption (see section 3.2.3 for more details on the UX questionnaire for IVE). The use of a questionnaire to assess UX is the traditional way. Nevertheless, uncertainties can arise when it comes to properly use and interpret the questionnaire and its results. These uncertainties could lead more and more researchers to give up on subjective methods in favor of objective methods [14] . Whereas a combination of both subjective and objective methods seems to be the best compromise [12] . Therefore, in this study, we propose a case study of the use our UX in IVE questionnaire to compare the user experience of two immersive virtual devices.
MEASURING THE USER EXPERIENCE IN TWO IMMERSIVE VIRTUAL DEVICES
We conducted an experiment with the "KingTutVR2" professional application from the EON Reality SAS company. We used our questionnaire to measure the UX for two immersive virtual devices: a CAVE and a HMD Mobile. We then proceeded to inferential and descriptive statistics analysis on our paired samples to compare the user experience for each device.
Aim and Hypothesis of this Study
The aim of the present study is to compare the effect of a CAVE and a HMD on user experience in an edutainment virtual environment. These two technologies are the most common type of VR devices used in VR companies and in the VR edutainment field. The CAVE seems to provide greater presence, immersion and emotion [9] , greater skill and less experience consequence [15] compared to a HMD. Consequently, in the hypothesis 1, we hypothesize that subjective user experience is greater in the CAVE than in the HMD Mobile. We chose to refute or confirm this hypothesis by measuring 10 components (i.e., presence, engagement, immersion, flow, usability, skill, emotion, experience consequence, judgement, technology adoption) in the CAVE and in the HMD Mobile. We found that sensors sensitivity seems to be the most critical issue and impediment to reliable interaction with HMD. Most VR designers implement interaction techniques and assign their application to devices without any specific method. This results in VR applications with problematic user interfaces [8] . Furthermore, today, no specific interaction techniques are used for HMD Mobiles. Therefore, in the hypothesis 2, we assume that the interaction system (a flystick) provided by the CAVE allows quicker interaction than the interaction system (a crosshair) provided by the HMD Mobile. The metric used to refute or confirm this assumption is the user's scenario completion time in the CAVE and in the HMD Mobile.
In the hypothesis 3, we suppose that the "pedagogical lesson" is well designed and the "King Tut VR2" edutainment application impacts the user's knowledge on Howard Carter and the discovery of Tutankhamun tomb. Scores in a pre-and post-experience knowledge test was used to refute or confirm this hypothesis. As the "King Tut VR2" application is in English, we decided to select participants with good enough English skills to understand the script. Thirteen participants are considered having excellent understanding of the oral script played in English in the application, they scored 5/5 points in the English test created to assess English level (see section 3.2.3 for more details). Seven participants are considered having good understanding of oral English, they scored 4/5 points in the English test. One participant is considered having satisfactory understanding of oral English, he scored 3/5 points in the English test.
Method

Procedure.
The experiment took place in the EON Reality SAS showroom in the city of Laval in France. Each participant came separately into the showroom and worked through three different steps:
During the first step of the experiment, the participant sat at a meeting desk in the show room. Then, he/she performed two tests. The first one was an English test. Only data from participants who scored 3/5 points or above were analyzed in this paper. The second test was a knowledge test on Howard Carter and the discovery of King Tutankhamun's tomb. The participant performed this second test twice: before starting the experiment and at the end of the experiment before leaving the show room.
After the tests, an introduction of the experiment was given by the experimenter. The order of the two following steps were counterbalanced. For instance, a "1/ HMD Mobile -2/ CAVE" session was followed by a "1/ CAVE -2/ HMD Mobile" session for the next participant. During the second step of the experiment, use instructions on the first technology and its interaction was given by the experimenter. Each participant stood on their feet in an area free of any objects that the participants could knock while turning around and they were asked to wear the VR ONE VR headset for mobile. Once the mobile application "King Tut VR2" selected and lunched, the experimenter slipped the mobile phone in the headset. The participant followed the instructions given in the VR application until the end of the scenario.
The tasks covered passive activity and active activity. After the end of the session, the participant completed our UX questionnaire.
During the third step of the experiment, use instructions on the second technology and its interaction was given by the experimenter. Each participant stood on their feet in the middle of the EON ICUBE CAVE (see Fig. 1 ) and they were asked to wear 3D tracking glasses and hold a tracking gamepad. Once the CAVE application "King Tut VR2" lunched, the participant followed the instructions given in the VR application until the end of the scenario. The tasks covered the same passive and active activity as in the second step. After the end of the session, the participant completed our UX questionnaire.
After the knowledge test filled for the second time, the participant was thanked and free to leave the show room. Each participant spent between 45 minutes to one hour in the show room. The interaction session with a single device ranged from 7 to 18 min. 
Material and Measures. Identification survey.
A participant identification survey was used to collect the user's personal data (i.e., name, surname, date of birth, gender, last diploma, and current diploma or occupation).
English test. An English test was used to collect the participant's English level. It consists of a record. Five sentences were played, each one was followed by a question, the participant had to choose the right answer among 3 propositions (e.g., "1. Before the excavation begins, archeologists write a research design. When is the excavation research design written? a. Before the excavation; b. Before the excavation begins; c. During the excavation").
Knowledge test. The same knowledge test was used before and after the experiment to collect the amount of information the participant memorized during the "King Tut VR2" application scenario. It consists of 5 questions about Howard Carter and the famous discovery of the King Tutankhamun's tomb, the participant had to choose the right answer among 3 propositions or choose the "I don't know" option (e.g., 2. Where did Howard Carter start his excavation? a. In London; b. In the middle of the Valley of the Kings; c. In the sea floors of the Nile; d. I don't know).
UX questionnaire. Our UX in IVE questionnaire of 87 items and 3 open questions is used to assess the UX (see Table 1 All items and questions were originally in French. Our UX questionnaire consists of 12 items to measure presence, 3 items to measure engagement, 7 items to measure immersion, 11 items to measure flow, 3 items to measure usability, 6 items to measure skill, 15 items to measure emotion, 9 items to measure experience consequence, 12 items (grouped in 4) to measure judgement and 9 items to measure technology adoption. The participants' UX scores were collected through a 10-point Likert scale (1 = strongly disagree, 10 = strongly agree) for 75 items. For the 12 items (grouped in 4) of the judgement scale scores were collected through a semantic differential scale: point 1 was coded as a negative-connoted adjective (e.g. impractical, confusing, amateurish, …) whereas point 10 was coded as a positiveconnoted adjective (e.g. practical, clear, professional, …). A high score in a subscale means that the UX component measured is highly perceived by the participant (e.g. Presence equals to 9 means that the participant felt really present, "he felt there", while he was in the Virtual Environment). A low score in a subscale means that the UX component measured is poorly perceived by the participant (e.g. Presence equals to 2 means that the participant did not really felt present, while he was in the Virtual Environment, there was few or no moments where he would easily forget about the real environment).
Devices. Each participant used the edutainment "King Tut VR2" application twice with two different devices: A VR ONE HMD Mobile headset with a Samsung Galaxy S6 mobile phone (See Fig. 2 ). The phone speakers played the application sound. The participants could interact in the application with their head, by moving a cross-hair in their field of vision on the desired area.
Figure 2: A VR ONE HMD (Head Mounted Display) Mobile headset Figure 3: EON ICUBE CAVE (Cave Automatic Virtual Environment)
A EON ICUBE CAVE (see Fig. 3 ) composed of four walls (in the front, on the left, on the right and on the floor) delimiting a 10-by-10-foot room with projectors aimed at each wall and a ceiling projector aimed at the floor with trackers to track the stereoscopic 3D glasses and the gamepad. Loudspeakers played the application sound. The participants could interact with the gamepad by moving a virtual flystick in the desired area.
Task.
The experiment consists of the use of the edutainment "King Tut VR2" application designed by the EON Reality SAS company. The goal of the "King Tut VR2" VE application (see Fig. 4 ) is to relive the journey of Howard Carter and his discovery of King Tutankhamun's tomb. The participants were asked to follow the instructions given by the voice-over in the VR application. The tasks covered passive activity (i.e., watching and listening to Howard Carter's journey) and active activity (i.e., excavating with a pickaxe in the ground). 
Collected Data and Analysis
Subjective UX Between the HMD Mobile and the CAVE.
In the experiment, each of the 21 participants tested two immersive devices in their session and filled the same UX questionnaires twice, one for each device. Therefore, we used paired-samples measures techniques for the statistical analysis of the subscale scores of the UX questionnaires. The test of normality indicated a non-significant difference (p>0.05) suggesting a validation of the assumption of normality for all UX questionnaire subscales, so we used the paired-samples t-test.
Completion Time Between the HMD Mobile and the CAVE.
The average scenario completion time in the application was measured to compare participant's performances in each device. We took the completion time as a measure of objective usability. However, objective usability measures are not limited to completion time, other measures exist such as completion rate, number of errors, time recovering from errors, etc. In the context of our study, completion time was a feasible measure and could be interpreted as "The more time the participants spent in the application the more difficulties they come across". To analyze the difference between the completion time between the HMD mobile and the CAVE in the same population we used the paired sample t-test.
Knowledge Test.
The average values of the PreExperience and Post-Experience Knowledge test were compared. This comparison consists of the number of questions correctly answered on Howard Carter and the discovery of king Tutankhamun's tomb before and after the experiment. The difference in the results of questions correctly answered Pre-and Post-Experience gives an idea of the "pedagogical" impact [5] of the edutainment "King Tut VR2" application. To analyze the difference between the scores in the Pre-and Post-Experience Knowledge Test in the same population we used the paired sample t-test.
RESULTS
The results of the paired sample statistics are detailed below, they show the significance of the UX questionnaires results for the CAVE and the HMD Mobile. In addition, we present the mean scale value for each device, the results of the Pre and PostExperience knowledge test and scenario completion time.
Subjective UX Between the HMD Mobile and the CAVE
Paired sample statistics are presented below and in Table 2 . The data indicate significant difference for 6 subscales (i.e., presence, engagement, flow, skill, judgement, experience consequence). However, the data indicate non-significant difference for 4 subscales: immersion, usability, emotion, technology adoption (see Table 2 ). 
Completion Time Between the HMD Mobile and the CAVE
The CAVE device seemed to be easier to use than the HMD Mobile with a difference in the completion time of 67,43 seconds (Table 3) . Indeed, 11 participants said they had trouble targeting a precise area with the HMD Mobile cross hair when asked to give the negative points of their experiment (e.g., participant n°10: "The pointing interaction wasn't precise enough and moved by its own"). However, there was no significant difference in completion time between the CAVE (M = 657.10, SD = 60.98) and the HMD Mobile (M = 724.52, SD = 160.51) groups, t(20) = 1.67, p = 0.111, two-tailed. 
Pre-and Post-Experience Knowledge Test
The edutainment application had a "pedagogical" impact on the participants with an extra 42 correct answers and a gain of 2/5 points in the post-experience knowledge test compared to the preexperience knowledge test (Table 4) . Indeed, there was significant difference in the number of correct answers between the pre-experience knowledge test (M = 2.09, SD = 60.98) and the post-experience knowledge test (M = 724.52, SD = 160.51) groups, t(20) = 6.179, p < 0.001, two-tailed. Moreover, 8 participants said they had particularly appreciated the pedagogical environment when asked to give the positive points of their experiment (e.g., participant n°1: "The learning around ancient Egypt was interesting, being at the heart of the history was appreciated").
DISCUSSION
We analyzed and compared two immersive virtual devices (CAVE vs. HMD Mobile) in terms of user experience. Our study is original for two reasons. First, unlike most studies that investigates the effect of several immersive virtual devices on user experience [3, 9, 15] , our study covers the analysis of 10 UX key components in the VR field. Second, few studies analyze the comparison of immersive virtual devices regarding UX in the edutainment field.
Our first hypothesis stated that subjective user experience is greater in the CAVE than in the HMD Mobile. This first hypothesis is partially validated. The results show greater user experience for the CAVE device with significant difference in the paired samples for 6 subscales and no significant difference for 4 subscales. Other studies show comparative results. They show greater presence, immersion and emotion [9] , greater skill and less experience consequence [15] in the CAVE device compared to a HMD device, they also show no difference in usability [9] and in emotion [3] . Only a few number of studies compare the CAVE and the HMD devices in terms of engagement, flow, judgement and technology adoption.
Our second hypothesis announced that the interaction provided by the CAVE allows quicker interaction than the interaction provided by the HMD Mobile. This statement is validated even if the time gap is not significant. The result show that participants tend to spend 67.43 second less time in the CAVE than in the HMD Mobile. This result (objective usability) seems to be in line with the subjective usability, since no significant difference were found in subjective usability neither. This result is consistent with previous studies on the completion time between the CAVE and a HMD [4] . These findings also suggest that better interaction techniques for the HMD Mobile device must be designed. Indeed, interaction design for HMD represents a real challenge for researchers and designers [7] . For instance, sensors noise seems to be the most critical issue and impediment to reliable interaction with HMD. Most VR designers implement interaction techniques and assigned their application to devices without any specific method. This, results in VR applications with problematic user interfaces [8] .
Our third hypothesis enunciated that the pedagogical lesson is well designed and the "King Tut VR2" edutainment application impacts the user's knowledge on Howard Carter and the discovery of Tutankhamun tomb. This hypothesis is validated. There is significant difference in the user's knowledge of Howard Carter and the discovery of King Tutankhamun's tomb before and after the use of the "King Tut VR2" edutainment application. The VR edutainment application "King Tut VR2" seems be useful for pedagogical purpose. These previous results suggest that it is preferable to opt for the CAVE device to provide a greater sense of presence, immersion, emotion, skill and a lower feeling of experience consequence (cyber sickness, …) in an edutainment environment such as "King Tut VR2" with a pedagogical impact (significance in the knowledge test score). This can be explained by several advantages provided by the CAVE and its interaction: the wider field of view, which is similar to our natural field of view while the field of view is smaller in the HMD Mobile; the higher interactivity level gained with the gamepad, that allowed the participants to turn the objects around, whereas it was not possible in the HMD Mobile; the head-tracking allowing the perception of depth when moving forward and backward while depth was not tracked in the HMD Mobile. Concerning subjective usability (UX questionnaire), objective usability (completion time), engagement, flow, judgement and technology adoption, no difference is made, both devices are suitable for an edutainment application such as "King tut VR2". This can be explained by the facts that for some components (technology adoption, usability, flow) the two devices are equally efficient or that some components (judgement, engagement) rely very little on the technology but more on the content of the application.
CONCLUSION
In this study, we put into practice our UX questionnaire for IVE designed and validated in a previous study, and use it as a guiding tool in the choice of the appropriate VR technologies (CAVE and HMD Mobile) that best improve the UX and provide a greater and suitable experience for customers. The questionnaire measures 10 key components of UX in IVE, providing the strong points and the weak points of the VR environment. Knowing these points, the practitioners can improve the VE prototype or VE final products to increase the weak points, by making specific design or technology choices (through UX guidelines). The CAVE seems to have more advantages than the HMD Mobile according to participants. Indeed, CAVE alike systems seem to provide greater user experience. Moreover, the interaction design for the CAVE is less challenging than for the HMD. However, devices like CAVEs are expensive and bulky. Consequently, alternatives and low-cost CAVE solutions [6] would be interesting to develop, especially for the general public edutainment applications.
Our research also focusses on the UX questionnaire as a tool to choose suitable interaction techniques and immersive virtual devices. A number of studies identify guidelines to design suitable interactive systems that improves user experience and help choose the suitable interaction technique and the technology. For instance, Nemery et al [13] identify solicitation, priming and commitment to strengthen engagement of the user. Stanney et al [17] identify wayfinding, navigation, selection and manipulation to enhance usability, as well as ease of interaction, user-initiated control, pictorial realism, length of exposure, social factors and system factors to enhance presence. They also identify isolation, inclusion, natural mode of interaction and control, availability and perception of an encompassing stimulus stream, and supporting perception of self-movement to increase immersion. For Lin and Parker [10] , shrink the field of view (e.g., 60°), visual scene not presented in stereo, slow visual scene movements (e.g., 0.03 Hz), allow user to be in an active mode of interaction with the visual scene and use visual interventions to provide predictive cues for upcoming motion are options that decrease cyber sickness (experience consequence). These previous guidelines could be a starting point for future research on guidelines to help designers of edutainment applications in the VE design process. In addition, the use of our questionnaire may be extended to different types of VE such as therapeutic, design or collaborative applications. Moreover, this experimental protocol can be extended to different types of devices (in this study we used a HMD and a CAVE) such as, Z-space, six-sided CAVE, stereoscopic wide screens, ...
